Abstract: This study elucidates the effects of annealing on the properties of Fe-Si-Al flakes. The changes of the DO 3 phase, the lattice parameter and the grain size of the flakes were analyzed by X-ray peak broadening and shift. Static magnetic properties, namely, coericivity and saturation magnetization, were analyzed by a vibration sample magnetometer (VSM). The complex permeability spectra were measured by a precision impedance analyzer. The cocercivity and the real part of the complex permeability had the lowest and highest values after 1023 K annealing. The change in the magnetic properties with annealing temperature is successfully explained by relief of residual stress and the formation of DO 3 and B2 ordered phases.
INTRODUCTION

Near field communication (NFC) is a promising wireless
technology that is now widely used in transportation cards, food control, electronic payment systems, etc. However, perturbations in electromagnetic waves; i.e., changes in the magnetic field, can easily affect the NFC system. One of the main sources for perturbation in a magnetic field is a metal plate because a metal plate with high electrical conductivity emits electromagnetic fields by eddy currents induced in the metal plate after it receives a communication signal from an antenna. Insertion of a magnetic sheet with high permeability and low eddy current loss between the antenna and the metal plate can solve this problem. In order to manufacture the magnetic sheets, soft magnetic powder or flakes are mixed with polymer resin and then the mixture is casted by doctor blade method [1, 2] .
An NFC system typically uses a several megahertz frequency, so the electrical resistivity of the flake should be high. Zero magnetostriction can be obtained in a Fe-Si binary system using 6.5 wt% Si. However, this composition apparently cannot be applied to the flakes for the sheet because the resistivity is too low. Instead Fe-9%Si-2%Cr alloy flakes with higher electrical resistance have been used [2] . The Fe-9.5%Si-5.5%Al alloy, normally known as sendust, has soft magnetic properties superior to the Fe- Therefore, the micro-structure of the as-milled flakes need to be controlled by a process such as annealing to impart high electrical resistivity and low coercivity, thereby leading to high permeability [3] [4] [5] [6] .
The ordered B2 (FeSi) and DO 3 (Fe 3 Si) phases are known to form when the silicon content is higher than 5.4% Si [7] . B2 (FeAl) and DO 3 (Fe 3 Al) phases also form in the Fe-Al system. There have been some controversies over the terminology of the FeSi ordered phase because the FeSi ordered phase forms only with a specific stoichiometric composition. Some researchers believe that the structure of the FeSi ordered phase is not B2 but B20 [8] . Moreover, others use α 2 to emphasize that the B2 phase is an incomplete DO 3 phase as well as to highlight that the phase has a bodycentered cubic crystal system [9] . Instead of α 1 and α 2 , B2 and DO 3 were used in this study because those are widely used terms. For an NFC application, magnetic properties of the magnetic sheet have been measured. However, the magnetic properties of the sheets do not stand for the properties of the flakes embedded in them. Instead of the magnetic sheets, others also made a composite membrane [10] . It is well known that the packing fraction, particle alignment, dispersion and others influence magnetic properties of the magnetic composites [11] . In our previous results on Fe-SiCr sheets, it was very difficult to get identical properties even though the process variables, such as mixing ratio, casting variables and others, were fixed [2] . To avoid these difficulties, instead, the permeability spectra of the flakes were directly measured for which the flakes were packed in a capsule without any medium in a precision impedance analyzer. We also investigated the effects of annealing on the structure and magnetic properties of the Fe-9.5%Si-5.5%Al flakes with a focus on the order-disorder transition. Figure 1 shows SEM images of the as-milled and the annealed Fe-Si-Al flakes. The shape of the flakes is irregular that the formation of the B2 phase was not suppressed during the gas-atomization process and the as-milled flakes also contain the B2 phase. This is due to the fact that the B2 phase is not stable at room temperature but stable at a temperature higher than 1073 K as shown in the Fe-9.5%Si-5.5%Al
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ternary phase diagram [14, 15] . In our previous study on gasatomized Fe-7-9%Si-2%Cr, the formation of B2 phase was not suppressed during the atomization process and milling process [2, 16] . The peaks in the as-milled flakes were very broad, which means the grains were very small. When the flakes were annealed at 723 K, the DO 3 phase was detected.
With a further increase in the annealing temperature, all the peaks became sharper and stronger. Williamson-Hall equation has been widely used to measure grain size and strain simultaneously. However, this equation is known to be inapplicable when the degree of anisotropic deformation is severe as in this study [17] . To solve this problem modified the Williamson-Hall equation was also proposed [17, 18] . In this study both equations were tested to measure the grain size and the strain of the flakes, but scattering of data was so severe so that the fitted values were meaningless. The grain size decreased after 1123 K annealing, which seems to be due to the formation of the B2 phase, which is stable above 1073 K. deviation from straight line in these flakes seems to be due to distortion of the body centered cubic (bcc) cell, which seems to be due to both anisotropic deformation and incomplete According to the Fe-Si-Al ternary phase diagram, the B2 phase is stable above 1073 K [14, 15] . When the Fe-Si-Al flakes were annealed above 1073 K, the DO 3 phase formed in the heat-up stage or early stage of the annealing because the DO 3 phase was stable at a lower temperature. In the latter stage of the annealing, the B2 phase formed by the reaction of DO 3 → A2 + B2. The B2 phase formed in this way remained at room temperature because the cooling rate was not so low in this experiment (rate≒20 K/min from 1123 K to 873 K). While the DLRO increased very rapidly after 723 K annealing, the DO 3 phase grew rapidly after a higher annealing temperature of 923 K. Although the LRO had a relatively high value of 0.84 after annealing at 723 K, the size of the DO 3 phase was as small as 5.1 nm. Comparing Fig. 5 with the temperature dependence of the grain size in Fig. 3 the growth of the DO 3 phase occurred at a temperature 200 K lower than that of the grain growth. Decrease in the size of the DO 3 phase at 1123 K seems to be due to the transformation of the DO 3 phase to the B2 phase. With an increasing temperature, the coercivity starts to drop rapidly at a relatively low temperature of 723 K, decreases A highest value of 9.2 was obtained after 1123 K annealing.
The real part decreased to 4.7 after 1323 K annealing, which seemed to be caused by the agglomeration of the flake and the reappearance of the B2 phase. Thus, the optimum annealing temperature range for the as-milled flakes in this study were 1023-1123 K. The increase in the permeability was certainly due to the relief of residual stress, which reduced the coercivity of the flakes. The annealing temperature for the lowest coercivity coincided with that of the highest real part of the permeability. This is different from others where they measured magnetic properties of the Fe-SiAl sheets and the temperature for minimum coercivity was much higher than that for maximum complex permeability [6] .
CONCLUSION
In this study, the as-milled flakes contained both the disordered A2 phase and the B2 phase, while the DO 3 phase was not detected in the XRD experiment. With an increasing annealing temperature, the DO 3 phase and the grain grew 
